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Overview

- Motivation

- FEL optics (S. Dusterer) A = 6 nm
- TEO optics A = 800 nm
- THz radiation A = 1 mm

- Tool: ZEMAX

- Optics
- Usage

- First results

- TEO optics
- Free Propagation in Near Field
- CTR on paraboloid mirror

* Future plans



Motivation

The TEO experiment

» Pockels effect: E, of e-bunch rotates laser polarization

Experiment prepared by
Univ. Michigan, D. Reis, A .Cavalieri
SLAC, with contributions from DESY
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Motivation

Optics for the TEO experiment

vacuum window

/ laser
ZnTe

crystal lens

D )
\ s

additionally, some planes are rotated by 45° or line cameras

lens




Motivation
» Beam diagnostics with coherent THz
spectroscopy:
+ Coherent Transition Radiation (CTR)
- Coherent Diffraction Radiation (CDR)
» Coherent Synchrotron Radiation (CSR)

* Design of transfer line for THz
coherent radiation from source to
intferferometer

- Calculate the transfer function



MoTivation

TTF2 scheme
with placing of the interferometers
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Motivation

Transfer function

Coherent radiation lot(00) = (@) [N + N (N -1) | f(c) |*]
contains bunch length T
information in the At A>bunch length => Coherent Emission

form factor f(w) = fw 0(z) exp(iwz/c) dz = J._Z cp(ct) exp(iwt) dt

T

Normalized longitudinal charge distribution

Fourier transform of the Imeas (00) = T() lot()
measured intensity

T(w) can be obtained by :

-Calibrating the system with a known source
*Calculate it by ZEMAX



Overview

+ Tool: ZEMAX
- Optics
- Usage



Optics

Commercial optics
Perfect lens optics
Ray optics
The Slowly Varying Amplitude approximation
Gaussian optics
- Near field and far field
- Notion of the Rayleigh length and the Fresnel number
Propagation of a wave front
- Far field (Fraunhofer diffraction propagation)
- Near field (Fresnel diffraction propagation)
- called “far field” in the ZEMAX manual
.- Very near field (angular spectrum propagation)
- called “near field” in the ZEMAX manual



Ray Optics (Geometrical Optics)

- In vacuum, light propagates on a straight line
- Refraction at the surfaces according to Snell’s Law
- No diffraction




Geometrical Optics

ZEMAX takes into account
“thick” lenses
spherical aberration at the surfaces of the lens
- wavelength-dependent index of refraction (chromatic aberration)
and calculates
beam positions and angles
spherical aberrations, coma, chromatic aberrations
contribution of the various aberrations to the resolution
optimization of parameters
etcC...



The Slowly Varying Amplitude (SVA)
approximation

Plan:
Assume an electromagnetic field of the form

E(7,t) = Re [E(f’, £) exp (i(wt e f))} i,

~

Amplitude E(7,t) is assumed to vary slowly
. slowly as compared to the wavelength
- AND slowly as compared to the grid spacing

Derive the development (propagation) of a wave front from Maxwell‘s
Equations

Find clever ways to solve the propagation numerically
- time-efficient
- minimize numerical errors



Gaussian Optics

ry
Assume an amplitude of the form Electric field

~

E(Z _ O) _ EO . 6—(9‘324'92)/"”8 Intensity

Assume a constant phase for z2=0, 1/e

corresponding to an infinite \
radius of curvature

Often found in laser optics

By solution of the Fresnel integral,

one can show that the

amplitude distribution will

remain Gaussian when the beam propagates

- '“%{(‘J'éor is governed by the Rayleigh length, defined as:

2R = —2

A

-y



Gaussian Optics

The wave front will acquire a curvature for z>0:

R(z) = » [1 + (Z—R)2]

Z

wave | N

fronts |

The width of the beam
will evolve as:

w(z) = wo\/l + (i)Q




Near Field
and Far Field

Fresnel number

For a beam that has a
radius R, propagated
by a distance L

2

2 r
= \/z + R z v

equal to the number of Fresnel rings on the source plane that can be
seen from any point on the detection plane

is a position of both the source and the detection plane

Far field: Ny = 0
Near field: 0 < Np < 1

Very near field:
Ng > 1



Propagation of an Arbitrary Wave Front

Assume a wave with an arbitrary amplitude given numerically on a
grid ) _

~

E(wvy) —

Propagation along the z axis can be calculated in three domains:
- Far field (Fraunhofer diffraction propagation)
- Near field (Fresnel diffraction propagation)
~ Peter’s and Bernhard’s talk

- Very near field (angular spectrum propagation)



Fraunhofer Diffraction

Propagation from the source plane (index 0) to the observation plane
(index 1)

The electric field amplitude on the observation plane can be
calculated by a superposition of the wavelets originating from all
points in the source plane

eiké

I

~

E(xlaylaz) :/E(Jfo,yo,O)

K(ﬁ)daﬁo dyo

In the far field, one may make the following approximations:

—*1*0—Y91Y0

E(x17y172) :/E($07y070) eik( L )dxody()

~




Fresnel Diffraction

If the far field approximation cannot be made, one has to use the
second order expansion:
—2w1x0—2y1y0—|—x%—|—y8

~ 1 ~ 1k
E(wlay1> — Z.—/E(x()ay())e ( 2k >d$0dy0

The near field effects can be es e tial:
ar field simulation near field simulation measurement




Numerical Considerations

The integrals are represented as sums.

The number of terms in the sum is very large, and time-intensive
functions have to be computed

If the separation of the grid points is too large, the transition is not
smooth

= Aliasing occurs
= Increase the number of grid points

- This problem is especially serious for large Fresnel numbers, as
the phase changes rapidly in the outer Fresnel zones



Angular Spectrum Propagation

Assume an electric field amplitude on a grid E(x, Y)
Let the Fourier transform of the field be

G(&,n) = f{E(IE,y)} = 70 ?E(w,y) e 2Tty g dy

-0 —O00

The inverse Fourier transform is

Play) = FH{GEm ] = 70 706:(5,77) e dg dn

\ J
Y

plane waves propagating in the direction

(e mA VI= ()7 =)




Angular Spectrum Propagation

The wave can be regarded as a superposition of plane waves,
the field G(&,n) is the angular spectrum.

Using the approximation that
the wave propagates at a small angle to the z axis,

: . e 2 2

Thus, the anqular spectrum evolves as
G(f? 777 Z) — G(f’ 7’]7 O) . €_7TZ>\(§ +n )Z

Solving the Maxwell equations is reduced to a simple multiplication.



Limitations of the
Angular Spectrum Propagator

The size of the grid on which the field is given remains constant as
the beam evolves.

= |f the beam expands a lot during the propagation, it exceeds the
grid

= The angular spectrum propagator is suitable for cases where the
beam diameter does not change significantly, i.e. near the focus

The use of the Fourier transform
implicitly assumes a periodic .

Mirror |, —
source. Source [ T T - TS s —msaaoo e o 8

= There is an interference T
with rays that come

. Simulated
from the mirror sources: Source VORITE
= One has to make the E
grid large enough B
) Mirror - Interference
(:> h|gh demands on e T T T

processor & memory)




Usage of the Algorithms in ZEMAX

Algorithm

Usage (examples)

Ray tracing

Geometrical optics: find the
position of the focus

Fraunhofer diffraction

Calculation of the Point Spread
Function in the focus

Fresnel diffraction

Physical Optics Propagation for
small Fresnel numbers

Angular spectrum propagation

Physical Optics Propagation for
large Fresnel numbers

Decision on the Fresnel numbers is based on a Gaussian pilot beam




Tool:ZEMAX

What is ZEMAX?

" ZEMAX is a program which can model, analyze and assist in the
design of optical systems, but is NO substitute for good
engineering practices’

What do we do with ZEMAX?

Plug in an optical design (lenses, THz:mirrors )

Ray tracing as first check (focal point @right positions)

PHYSICAL OPTICS PROPAGATION



1oollZEMAX

Transferline for the Martin-Pupplet interferometer @ TTF1
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PHYSICAL OPTICS PROPAGATION:Usage

ZEMAX input:
Fourier Transform of the Electric field on the first surface
in the 2 polarization directions E,, E,

Example for CTR:

Fourier Transform of the radial Electric field of a uniform
bunch charge distribution moving with velocity v in straight
line uniform motion from M. Geitz PhD Thesis

r =radial coordinate = R =beamradius b =piperadius k=2n/A=w/c

E(k,r) =r O (krly) (K, (KR/y) + R O (krly) O, (kR/Y) ﬁ(‘zl((t)?\// \)’) . r<R
E(k.1) = R 0 (KRIY) K, (krfy) + R O (krfy) 0 (kRAy) 28OV o g

|, (Kbly)
¢ = atan(y/x)

P~

E, =E, [tos¢ E, =E, BEin¢



PHYSICAL OPTICS PROPAGATION:Usage

+  Source field (J. Menzel implemented .DLL for CTR and CDR)

mpy2smafial

) ZEMAX-EE - [\ Users) ZEMAX saraYinterferomel

File: Editors System  Analesis. Tools Reporks  Macros  Extensions

window  Help

Mew| Ope| Sav | Saz Upd| Gen| Fie |‘Afavy

#ifLens Data
Edik

Solves  COphtons | Help

Lay

L3d | Ray | Opd| Spt

FtF | Efc

Wirniddowy  Text Zoogm

Burf: Type Commernt Padius=s Thickne=s= GFla:
oeJ* Standard Irnnfinity 1. 000000E—-O0&
STO* Standard ITrufinitsy l1a00._. 000000
Irin Standard Infirnity =

) =l 5

ZOry

#§3: 3D Layout
Lipdate

Settings  Print Window  Texk

Ty
[y

Ty
WL

#}roP settings

Beam Defintion I Displa_'_r' I Fiber Drata

W avelenath:
Fi=ld:

Start Surface:
End Surface:

Scif To Beam:

=-S5 ampling:
Y-S ampling: I 1024 e I
svlideh: EEDD

Auto
rfideh: !500
Twpe:  |DLL =
File: |oR.DLL

v ze Polarization
I~ Separate %,

Gamma

Beam diameter

" Peak Iradiance:
+ Tatal Power:
5. x0dia <0Orec.
Hale =0 dia. <0

bk

-30
-20

T.0365573048

—

Pipe diameter |1 ooaaao <0 pslit |-2
Save I Load I Reszet I
(0] 4 I Cancel I Aaply

[EFFL: 1e+01D

Updake

Settings

Print

Prop: =101 x|
irnchowy z

Taxk Faoaom

L. HSE-2@z

L. ZHE-@AZ=

L. 13E-@3@z

L. AYE-BQAZ

P LE-@dy

CHZE-@d4

SHE-@dY

H.HSE-@d4

I TE-@3d4

L. H=E-@d4y

CARE+@AGRAR

TOTAL IEFADIAMCE SURFACE =2

AFR Jd =2

FRL BEY

LAVELEHGTH 1PE . &3BE MICEAMS AT
DISPLAY X WIOTH
FERE.  TEEAOTHM

CE =

OE=
ZQYERE+QBZ, ¥ HEIGHT =

L

Y

@, Bd@a
Z.,@YSPE+@AZ HNILLINETERES

E-0P3 WATTSAMILLIMETEES"2, TOTAL FOWE= = 1.PRHARE+HdG KAT

t=b ] T=
FILOT: SIZE= 3.122LE+@BT, WHLST= | .@APBEE-@PL, FPOS= 1.HQ@AE+Qez, EAVLEIGH= 3.14LSE-BL1]

WEMNO: 286,479

EMPD: 3.420652-003 |TOTR! 1000

EEOve

1:35 PM




Overview

- First results

- TEO optics
- Free Propagation in Near Field
- CTR on paraboloid mirror

* Future plans
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Optics for the TEO experiment

Optics (simplified)

ZnTe lens lens
crystal  f=125mm f=250 mm CCD

125 mm 125 + 250 mm 250 mm



Optics for the TEO experiment
Imaging of a Point on the Crystal

ZnTe lens lens
crystal  f=125mm f=250 mm CCD

125 mm 125 + 250 mm 250 mm



Optics for the TEO experiment
Envelope of the Laser

ZnTe lens lens
crystal  f=125mm f=250 mm CCD

125 mm 125 + 250 mm 250 mm

~ pbeam expander optics



Optics for the TEO experiment

ZEMAX simulations

- Point Spread Function

-

T g Huygens PSF Cross Section
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Optics for the TEO experiment
Reverse the first doublet

Distribute the refraction evenly over all surfaces

0 1: 3D Layout
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Optics for the TEO experiment
Improved resolution

- The reversal of the first doublet improves the resolution:

f‘_,: 4: Huygens PSF Cross Section E]@]Hi
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Optics for the TEO experiment

ZEMAX Simulations

Further studies (Stefan Diisterer)
Optimization of the distances
Optimization of the tilt of the camera
Calculation of the PSF with Fresnel diffraction
Limitation of the resolution: spherical aberrations

= It does not help to increase the diameter of the lens

Calculation of the resolution for off-axis points
Studies on the required alignment precision



. CTR Free Propagation in Near Field
= » Comparison with MATLAB code
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CTR on flat mirror
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CTR on paraboloid mirror: crest
Comparison with Bernhard's code
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CTR on paraboloid mirror ¥

Comparison with Bernhard's code RN

N
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Transmission through a 10m beam line

Pozition of mirror, £=250mm, di=ztance=10m, 300 GH=
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Re-focusing of the wave
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CTR on paraboloid mirror
Experimental setup at SPPS
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CTR on paraboloid mirror
Comparison with measurements

A=0.3 mm; y=55772; screen radius=20 mm; distance mirror-image=320 mm; f = 75mm
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Future plans

Check the resolution of the TEO optics experimentally
Check the transfer function for the interferometer in TTF1 (CTR)

BC3 Frascati transfer line (CDR)

Implement Surface.DLL (with J. Menzel) for elliptical and paraboloid
mirrors for design optimization (at the moment impossible

Implement CSR source from O. Grimm calculations
Check O. Grimm (CSR) transfer line
Comparison with JLab (CSR) transfer line

Transfer line for the interferometer @ 140m



PE mpy2smafia1

i Lens Dakta Editor

Edit Solves Options Help

Surf: Type Badius Thickness Semi-Diameter Conic
OEJ Btandard Infinity 1.000000E-004 0. oooaan 0._o0oaooo
BETO* Standard Infinity &z E5._0000o0o0 Z00.00a0ao 0O.00aaoo
Z|Coordinate B.. [ D, oo0ooo gl 0. 0o0oonog
Standard| FIBRST ELLIPSOID ML —883.883600 o.oooooo MIRROR EO. 000000 0. 5ooooo
Coordinate E.. —8ZE_ 000000 e ‘O.0ooooo

Coordinate B.. -302.319000 - 0. 000000

'_51_;-'5.1;-.:1_3_::.& 's_Ep_n:m_ E_L'L;P_gn_n__ﬁ_:-ﬂz E4s ._g:s's_s_r-]:un 02315000 HIR'RQ_B 50.000000( in__r_ag_lfmn
Coordinate E.. 27Z.000000 - 0.000000
Coordinate E.. 0000000 - 0. 000000

Standard FLAT MIEROER M3 Infinity -1.000000E-004 MIRROR Z50. 0000001 a.000000
Coordinate B.. -4420. 000000 % ‘0. 000000
‘Coordinate B.. ‘0.000000 & 0.000000
Coordinate B.. -302. 000000 5 0.000000

Standard| THIRD ELLIPSOID M4| g4c. 000000 | 30z, 000000 | MIBROR| | -50.0o0000a) 1| ~0.&51100
Coordinate E.. 0.000000 2 0.000000

Standard Infin:i.t.‘_!,r = 200000000 0. oooooo

[ 1: 3D Layout A= : Shaded Model =101
Update Settings Print Window Text Zoom Update Settings Print Window  Test  Zoom

M4

M2 M3

M1

40 LAYouT

FEI AFE SB ZBaYy

TLAE_ELLIFSEL , =Mx e
COMFIGURATION 1 OF 1_I li"'ﬁ:hl(

. iEﬁ'IﬁXTEE.-:Eﬁ,USE;rSI!.zEE. i ZEMAX-EE - C:iUsersi2...




W mp, — _ fial

%ﬁZEMAx - WYFRFIGU Y L2F° 1INV RAZRE R WR K

Filer  Edite W ChEr T s Pols@ Rapere SCrES (=N Tt s BT

i w1 l - I ~ =R .lll. T 4' -~ I e Il.} .lll. ' I rH}I L " 4'
A ilLs s Data Editor - -
TOr °
.A sTO* Standard Infinity _5.000000 T T AMONT £0.000000| 17 0. 000000
- z* Standard Infinity -E2. 500000 20.000000|17 0. 000000
2| Coordinate E.. E0_ 000000 - ‘0.000000
a* Standard —-100.000000 —1200. 000A00 MIBDOR 0. 000001 -1.000000
F iy 5| Conrdinate E.. 0. 000000 - 0. 000000
n [ (= Srandard Infinity 1.180000E+004 MIDROR 7620000017 0.000000
% TH Standard Infinity —ZE00_ 000000 MIBEROE 76.z00000| T 0. 000000
| &| Coordinate E.. —Z0 . 000000 - 0. 000000
hd Standard 100, 000000 £0. 000000 MIREOR 0. 0000000 -1.000000
10| Conrdinate B . 0000000 - 0000000
IMA Standard Infinity - 7500000017 0. 000000

o |
i

Update Settings  Print  Window  Text  Zoom

Paraboloid mirrors

T

N

FEI AFE =20 @@y

Flat mirrors

J0 LAYOUT

BEFH TRAMSPORT WITH PRRALLE. BERH . THE
COMFIGUEATION 1 DF 1

B3 [TOTR: 11300

] Start'”J ] & = P |J 10 ZEMAN-EE - C:\Users|ZE. .. I|é§‘g§2EMAx;EE-c:xUsersx2... |E@@ W4 s40em




B p 2 m fia E]i_'.;.
ﬁ! ZEMAX-EE - C:\Users' ZEMAX) sara’ Ellipticalmirrors’ ellipse compact3.2ms =
il Editors  Systs malysis: Tools  @sports Qacros  Extensig Window  Help ’ -
. — ¥ P e —— 7 P wv Y » wv e w7 v w - A
s ! @ § socabditi | s s s Q s ' =10} =i
Bz= Syves. Dphbcfs =
Surf: Type Conment Padius Thicknes=zz Glass Semi-Diameter Conic ;I
e Standard VACUTM TWINLOT Infinity E_Oooooo LT AMONL: 10000000 !J.tlEl_DEI_EID
STO* Standard Infinity =EZ._ 035000 10000000 o_oooooo
3| Coordinate EBE. . FIBET ELLIPSOTIL 0. oooooo = 0. oooooo
4 Standard FIBET ELLIPSOID Infinitcy 47 . 230700 0. oooooo o_oooooo
L Standard FIBRET ELLIFPSOID =90, 000000 —47 . EZ0700 MIRROER Z1E. 000000 =0.g8Zz0000
&| Coordinate E. . FIBEST ELLIPSOIL =S00_ 000000 o o_ooooog
7 Standard Infinity o_ooaooo o_oooooo o_ooaooo
8| Coordinate E. . SECOND ELLIFPEO0ILD 0. oogooo == 0. oogooo
9 Standard SECOMD ELLIPSOID Infinity -41E5_237L3200 0._oooooo 0_oooooo
10* Standard SECOND ELLIPROILD 7e0.88z400 415.8-'7-‘53I:II:I'L MNIERROE 21z ._ 000000 =0_ 7?7?0300
ll| Coordinate B. . SECOMNI ELLIPSOID ES'EIEI.EIEIEIEIEIIL\. 4 0. oooooo
1z Standard Infinity 0. oooooo 0. oooooo o_oooooo
13| Coordinate B.. THIPD ELLIPSOID 0. oooooo = 0. oooooo
14 Standard THIRD» ELLIPESOID Infinity EE2Z._ 000000 0. oooooo o_oooooo
15* Standard THIFD ELLIPSOID =113E. 000000 —&18. 000000 MIBROER 21z 000000 —0_&30000
le| Coordinate B. . THIPD» ELLIFPSOILD 1400 O0O0000 == 0. oogooo
I IMa Standard Infinitcy T Z00._ 000ooo0 o_oooooo
-
A il

=10l x|

Update  Settings  Print  Window  Test Zoom
o
S
40 LATJUT
FRL AFE =9 ZdYy
BLLIFSE COHPRACTI . IH<
CONFIERATION 1 OF L

[EFFL: 0.902574 EMPD: 20

_ tart”J G - el |j T ZEMAN-EE - Ciilsers| ZE. . ||$E~'§2EMA:-:-EE_- C:\Users'Z...

IWENO; 28,3905 TOTR: 13779.9

(o =IGE

4127 FM




